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An EoS for Titanium

Geoffrey Cox
+44 1189826197
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! Introduction
! Data Review
! EoS Review
! New EoS

! Multiphase
! Development issues
! Final version

! Comparisons with data and other EoSs
! Future plans for Ti-6Al-4V

Outline
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Introduction

! Ti-6Al-4V used in some simulations
! Want to improve our material model
! Want a physics based equation of state for Ti-6Al-4V

! Need a test suite
! Need a review of EoS data
! Need a pure Ti PBE as starting point

– Empirical based adjustment to get alloy EoS 
– Need a data review and test suite
– More data available than alloy
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Summary of Ti Data Available

! Phase boundary data 
! 3 solid phases
! Low pressures

! Lots of uncertainty
! Melt data

! Slope of phase boundary at RP
! Possible dynamic melt on release data

! Hugoniot up to 140 Mb, though 
bulk below 3 Mb
! causes unstable shock
! no evidence of wave splitting

! RT Isothermal compression data up to 2.2 Mb
! (?)

! RP isobaric data from 0 K to 6000 K
! Liquid



UK UNCLASSIFIED

UK UNCLASSIFIED

Pure Ti EoS Review

! Two available in EoS package
! “Balmoral” EoS
! Steinberg Compendium
! Analytic EoS fit to Hugoniot
! Single phase

! Steinberg has a melt curve

! No pure Ti EoS for Maw Ti-6Al-4V EoS
! Maw based parameters on Ti-6Al-4V data only
! Issues with scaling
! Derived strength model also
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Pure Ti EoS Review

! Greeff et al., JAP, 90(5) pp2221 (2001)
! Generated via FREE code
! , phases for Ti
! So far only generated over small range

! Kerley, Sandia Report
! Parameters for , , , and liquid phases for Ti
! However, model differs slightly from what’s in SOLICE

! TFD match allows extrapolation to large densities
! Different electron model

! Also the parameters change at high pressure
! To match high pressure RT measurements
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Pure Ti EoS Review

! Of the EoSs currently available
! No physics based EoS in EoS package
! No multiphase EoS in EoS package
! Kerley only multiphase EoS with liquid parameters

! Requirements
! Temperatures 0-32 eV
! EoS up to densities of 29 g/cc
! Physics based
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Initial stage

! Problems
! FREE EoS has negative CV issues at low temperatures

! So minimum temperature larger than zero
– High temp approximation used for lattice vibrations

! Cold curves from Kerley have negative KT around 13 g/cc
! Remember no TFD match in SOLICE
! Cannot use and liquid phases

! Bercegeay cold curve parameters give negative KT around 13 g/cc
! Cannot use , phases up to large densities

! Need to try something new to extend EoS to large enough density
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VASP ab-initio cold curve calculation for 

! GGA PAW 
pseudopotentials

! PW91 functional of 
Perdew and Wang

! Fermi-Dirac smearing 
used (T=300K)

! Converged
! 2 meV at maximum 

density (6.5 0)
! 0.5meV at minimum 

density (0.5 0)
! Fit B-M equation

!

! Two part fit 
! Around V0 better
! Worse for V>21.5Å3
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Thermal contribution for phase

! Mean field model for ions
! Cold curve used to

calculate mean field
! Pairwise interactions

assumed with smearing
approximation

! Central “wanderer” decoupled from fixed nearest neighbours
! All particles in solid behave in same way
! Obtain Einstein expression for solid ions

! Thomas-Fermi model used for electrons
! Parameter free



UK UNCLASSIFIED

UK UNCLASSIFIED

Liquid phase

! Fluid perturbation theory used
!

! F
IG

relation known
! F

HS
use Kerley expression for hard sphere

! F
ss

use Ross expression
! U

! Kerley expression for hard sphere radial distribution
! Pair interaction term obtained from cold curve

– Continuous change to Mie Potential at V=V0

! Thomas-Fermi model used for electrons
! Parameter free
! Correction to GL to obtain correct RP melt

UFFFF SSHSIGIL !+!++=
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New EoS

! , phases
! Are they needed?

! Final goal is an EoS for Ti-6Al-4V
! 2 phase

! Could an existing model be used for these phases?
! Kerley+

– Cold curve inferred
– Debye model for lattice vibrations

! Bercegeay+ 
– Models same as 

! Could try empirical method?
! Little data for phase

Thomas-FermiFluid Perturbation-Liquid

Thomas-FermiMean FieldDFT

THERMAL 
ELECTRONS

THERMAL IONSCOLD 
CURVE

PHASE
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What about strength?

! In the following calculations strength is not included
! Current modelling limitations

! Melt temperature only output in solid-liquid cases
! G and Y currently not separated
! Phase dependent G

! MSG or CPR

! Hugoniot calculation using a simple constant G and Y 
model
! Performed part way through development
! Made Hugoniot a little stiffer which improved fit slightly
! A more thorough investigation is required
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Phase Diagram

! Same melt for all, as expected
! Kerley+ boundary conditions 

are - and -
! RP from data
! Triple point mentioned in 

Kerley report
! RT at 0.1 Mb

! Bercegeay+ just used same 
boundary conditions

! Really want RT transition 
at around 1.2 Mb
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RT compression

! Good agreement at high pressures
! Poor for 2 phase at low pressures
! too low
! For , phases Kerley shows best agreement
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Low Pressure Hugoniot

! Us-Up
! transition improves it
! makes it worse

! Kerley+ becomes unstable
! Could fixing RT transition pressure help?
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RP Isobar

! Contradictory density data

! Kerley+/Bercegeay+
! Density improved at low temperatures

! sees larger increase in enthalpy that is not seen in the data
! Liquid enthalpy change matches data
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The story so far

! New , liquid phases
! Physics based
! Only ones capable of reaching densities needed
! Poor match to data in , region

! Thus more than 2 phases are needed

! Questions about phase density at RP

! , phases
! Kerley looks the best against the data
! Pressure for transition at RT is too low
! transition has made Hugoniot agreement worse
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New Boundary Condition

! Moved - to lower pressure at RT
! Large uncertainty
! Small increase in range of phase
! Made Hugoniot poor

! Note that no kinetics model in use

! Specify - boundary instead of -
! phase as stable RTP phase

! Raised temperature of triple point
! RT now at reasonable pressure
! Hugoniot improved
! RP latent heat of too large
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Investigation into RP transition

! S, V, and     data inconsistent
! Various connotations tried

! Triple point temperature too low if S in agreement with data

! Tried empirical model for , phases
! Could adjust parameters to influence

!

! If           then sensitive to bulk modulus
– If            then sensitive to heat capacities

! Large adjustments needed
– Fit to data became poor
– Too much freedom with phase
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Final Decision

! Use Kerley parameters for , phases
! Keep RT transition at 0.1 Mb
! Accept incorrect S at RP transition
! Raised TP temperature to get correct at RT
! So how does it compare to our existing EoS?
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Hugoniot

! Stein poor for P>1.5 Mb
! Balmoral is good
! PBE is good

! unstable
! stable
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Porous Hugoniot

! Snowplough porosity model used
! No wave splitting seen in data from porous samples
! In calculation temperature increase causes instead of 

! No wave splitting seen

! PBE model agrees with data in most extreme case
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Other Comparisons

! Balmoral has no temperature
! Stein has poor isotherm
! PBE mostly good but large H for at RP

Isotherm

Isobar
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Other Comparisons

! Small difference in shock melt between 2 EoS
! Good agreement between PBE and LIBES2

Isochore

Phase Boundary
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Future Plans for Ti-6Al-4V

! Use Ti PBE as starting point
! Empirical adjustment

! e.g. Pb4Sb, Ta-W
! Density scale VASP cold curve
! Need to consider Ti-6Al-4V phase boundary

! Data quite limited
– RP melting temperature
– RT transition

! Keep Ti , phases?
– Similar density scaling
– Adjust boundary conditions

! Or use Kerley parameters for Ti-6Al-4V phase?
! Possible criticism of scaling assumptions

! Difference here is that the starting point is a multiphase EoS

! Use available Ti-6Al-4V data for validation
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Conclusions

! Review of experimental data completed
! New Physics based EoS for Ti

! , , , and liquid phases
! Good agreement with data overall
! Improvement over existing EoS

! Basis of plans for Ti-6Al-4V
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GoalsGoals

! We now have flyer plate wave profiles on pedigreed S-200F 

BerylliumBeryllium

! See how our best EOS and constitutive models perform on this 

data

• Such data was not used in model calibration

! Not looking at failure modeling even those these are spall tests

Operated by Los Alamos National Security, LLC for NNSA LA-UR-10-00166/W-13-10-0002UUNCLASSIFIED
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OutlineOutline

! Data

! Models: 

• Hydro 

• Materials

• Mesh refinement and convergence

! Compare to simulations

! Examine plastic strain and strain rate regimes

! Conclusions
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DataData

“EOS and Spall Behavior of S200F Beryllium,” C.D. Adams, W.W. 

Anderson, G.T. Gray III, W.R. Blumenthal, C.T. Owens, F.J. Freibert, J.M. y

Montoya, P.J. Contreras, 16th APS Topical Conference on Shock 

Compression of Condensed Matter, June 28–July 3 2009; Nashville, 

Tennessee. LA-UR-09-05055

! + 1 shot since then

! 4 spall shots 56 – 193 kbar

! 1 windowed shot ~ 20 kbar! 1 windowed shot  20 kbar
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Data timingData timing

! First 2 shots required time shift by experimentalist

• For Be impactors only had to measure assembly in the box at TA55• For Be impactors only, had to measure assembly in the box at TA55

— Difficult to measure impactor runout accurately

— Undersized impactor – so piezo pins hit ring, not impact surface

• Measured longitudinal and shear sound speed before experiments

• Adjusted impact time to make elastic precursor wave speed match longitudinal 

sound speed

— 12 ns for 429

23 ns for 430— 23 ns for 430

• Would do symmetric impact differently in future to avoid issue

! No adjustments to other 3 shots

! No other times shifts used in comparing simulations to data

Operated by Los Alamos National Security, LLC for NNSA LA-UR-10-00166/W-13-10-0002UUNCLASSIFIED

Slide 5



UNCLASSIFIED

Expected shock heating and plastic strainExpected shock heating and plastic strain

! Upper bound plastic strain

• From linear Us-Up, deviatoric strength not considered – we have elasticity

• For full loading-unloading cycle – we don’t fully unload

! Lower bound on heating

• Plastic work heating can be similar magnitudeg g

• Still will be less than 200K under 200 kbar

! Will look at strain rates later
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Hydro modelHydro model

! 1D Lagrangian model in Flag

! Contact surfaces between flyer-target and target-window

! Will discuss zone size 
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Material model BeMaterial model - Be

! Latest Sesame table

• 2024 (September 2006) (export controlled)( p ) ( p )

• Linear Us-Up fit to higher P Hugoniot data and extrapolated back to intercept

— Avoids having strength contributions the shock data effect the derived cold 

curve

H i t t lt t bl b t h d l t bl• Has a consistent melt table, but no shear modulus table

• Had shear modulus table (Leonid Burakovsky, T-1) added in

— So used developmental EOS number 92024

— (G table makes negligible difference in these simulations)(G table makes negligible difference in these simulations)
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Material model PTW Fits for Be

1600

2000

Beryllium: PTW Model FitMaterial model – PTW Fits for Be

! Preston-Tonks-Wallace strength
• Preston, DL; Tonks, DL; Wallace, DC, “Model of 

plastic deformation for extreme loading

Lines = data, points = fit

800

1200

e
S

tr
e

s
s

(M
P

a
)

plastic deformation for extreme loading 

conditions,” J. Applied Physics, 93(1), p.211-

220, 2003. 

! MST-8 (Shuh-Rong Chen) fit

Newer high rate data

0

400

T
ru• Newer high rate data

! Original Dean Preston Fit

• Older Montoya data

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
0

True Strain

1 : BeHP-196303.txt — 77K; 3000/s

2 : Bed-50353.txt — 223K; 3500/s

3 : Bed20373.txt — 473K; 3700/s
1200

1600

2000

s
s

(M
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a
)

4 : Bed30393.txt — 573K; 3900/s

5 : Bed50433.txt — 773K; 4300/s

6 : Bef200c1.txt — 473K; 1/s

7 : Bef300c1.txt — 573K; 1/s

8 : Bef200c1e-3.txt — 473K; 0.001/s

9 : Bef400c1.txt — 673K; 1/s

10 : Bef500c1.txt — 773K; 1/s

11 B f600 1 t t 873K 1/

400

800

T
ru

e
S

tr
e

s
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MTS FitMTS Fit

! Mechanical 

Threshold Stress

2000

Beryllium: MTS Model Fit

1600

2000

Beryllium: PTW Model Fit

Threshold Stress

! MTS fit looks 

similar to PTW

• In low strain
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In low strain 

region of interest

! Made some 

compromises to 
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7

0

400

True Strain

T
r

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
0

400

True Strain

T

p

match new high-

rate data and old 

low-rate data

— 77 K; 3000 /s
— 223 K; 3500 /s
— 298 K; 3500 /s
— 473 K; 3700 /s
— 573 K; 3900 /s
— 773 K; 4300 /s
— 473 K; 1 /s
— 573 K; 1 /s
— 473 K; 0.001 /s
— 673 K; 1 /s

773 K; 1 /s

• MTS: 77 K; 3000 /s; adiabatic

• MTS: 223 K; 3500 /s; adiabatic

• MTS: 298 K; 3500 /s; adiabatic

• MTS: 473 K; 3700 /s; adiabatic

• MTS: 573 K; 3900 /s; adiabatic

• MTS: 773 K; 4300 /s; adiabatic

°
° MTS: 573 K; 1 /s

° MTS: 473 K; 0.001 /s

° MTS: 673 K; 1 /s
MTS 773 K 1 /

MTS: 473 K; 1 /s

1 : BeHP-196303.txt — 77K; 3000/s

2 : Bed-50353.txt — 223K; 3500/s

3 : Bed20373.txt — 473K; 3700/s

4 : Bed30393.txt — 573K; 3900/s

5 : Bed50433.txt — 773K; 4300/s

6 : Bef200c1.txt — 473K; 1/s

7 : Bef300c1.txt — 573K; 1/s

8 : Bef200c1e-3.txt — 473K; 0.001/s

9 : Bef400c1.txt — 673K; 1/s

10 : Bef500c1.txt — 773K; 1/s

! New high-rate 

branch of MTS 

not used

— 773 K; 1 /s
— 873 K; 1 /s ° MTS: 773 K; 1 /s

° MTS: 873 K; 1 /s

10 : Bef500c1.txt 773K; 1/s

11 : Bef600c1.txt — 873K; 1/s

Make your bets: do you think one will be 

better? Will the ork ell?

Operated by Los Alamos National Security, LLC for NNSA LA-UR-10-00166/W-13-10-0002UUNCLASSIFIED
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Other materials SapphireOther materials - Sapphire

! Sapphire (flyer shot 432)

• Gruneisen, Linear Us-Up in elastic regimeGruneisen, Linear Us Up in elastic regime

— LM Barker, RE Hollenbach, “Shock!Wave Studies of PMMA, Fused Silica, and 

Sapphire,” Journal of Applied Physics (1970) 41(10), 4208

— C = 11.19 km/s, s = 1.0

— Elastic to 120 kbar

• P in shot 432: 77 kbar

• Sesame 7411 for alumina is fit to higher P data, not accurate in this regime

— In the literature used for Sapphire at higher pressuresIn the literature, used for Sapphire at higher pressures

Operated by Los Alamos National Security, LLC for NNSA LA-UR-10-00166/W-13-10-0002UUNCLASSIFIED
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Other materials TantalumOther materials - Tantalum

! Tantalum (shot 433)

! Sesame 3520 (export controlled)

! PTW (Preston-Tonks-Wallace) stength

• Parameters from Shuh-Rong Chen, MST-8, LANL, April 2004

! Pmin strength at 75 kbar

• In 433, Ta does not hit tension until after target separates

Operated by Los Alamos National Security, LLC for NNSA LA-UR-10-00166/W-13-10-0002UUNCLASSIFIED
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Other materials Quartz and LiFOther materials – Quartz and LiF

! Z-cut quartz flier shot 436

• Gruneisen with quadratic Us-Up• Gruneisen with  quadratic Us-Up

— Jones, SC; Gupta, YM, “Refractive index and elastic properties of z-cut quartz 

shocked to 60 kbar,” Journal of Applied Physics; 2000; 88(10), p.5671-9

— C=6.319 km/sec. S1=1.20, S2=0.82

— DE-9 used C = 6.36, S1=1.36, S2=0 in their analysis

! LiF window shot 436

• Sesame 7271

Operated by Los Alamos National Security, LLC for NNSA LA-UR-10-00166/W-13-10-0002UUNCLASSIFIED
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Mesh refinementMesh refinement

! Shot 429

• 56 kbar Be-Be• 56 kbar Be-Be

! Zone sizes 80 !m, 40, 20, 10 ,5

! PTW strength

! Good convergence

PTW 92024 d

Operated by Los Alamos National Security, LLC for NNSA LA-UR-10-00166/W-13-10-0002UUNCLASSIFIED
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ConvergenceConvergence

! At 20 !m, peak Up is 4% below converged value

! 1% at 5 !m

! All results in this talk at 5 !m zoning unless noted

Operated by Los Alamos National Security, LLC for NNSA LA-UR-10-00166/W-13-10-0002UUNCLASSIFIED
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OutlineOutline

! Data

! Models: 

• Hydro 

• Materials

• Mesh refinement and convergence• Mesh refinement and convergence

! Compare to simulations

! Examine plastic strain and strain rate regimes

! Conclusions

Operated by Los Alamos National Security, LLC for NNSA LA-UR-10-00166/W-13-10-0002UUNCLASSIFIED
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ExampleExample

! Before we discuss details, get 

oriented

Data

Strengthless modeloriented

! Shot 429

• Be on Be spall

P k 56 kb

Strengthless model

Elastic strength

With strength and 

plasticity

• Peak pressure 56 kbar

! Large strength effects

! Remember, not modeling spall, g p

Operated by Los Alamos National Security, LLC for NNSA LA-UR-10-00166/W-13-10-0002UUNCLASSIFIED
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Compare wave profiles low P spallCompare wave profiles – low P spall

! A is data, B is PTW (MST-8), C is MTS, D is no deviatoric strength

429 – 56 kbar Be-Be 432 – 77 kbar Sapphire-Be

Operated by Los Alamos National Security, LLC for NNSA LA-UR-10-00166/W-13-10-0002UUNCLASSIFIED
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Higher P spall

! A is data, B is PTW, C is MTS, D is no deviatoric strength

Higher P spall

430 – 100 kbar Be-Be 433 – 193 kbar  Ta-Be

Operated by Los Alamos National Security, LLC for NNSA LA-UR-10-00166/W-13-10-0002UUNCLASSIFIED
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Compare different PTW fitsCompare different PTW fits

! A = data
430 – 100 kbar

! B = MST-8 PTW fit

! C = Dean Preston

! So no significant difference 

between different PTW fits

Operated by Los Alamos National Security, LLC for NNSA LA-UR-10-00166/W-13-10-0002UUNCLASSIFIED
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Low P EOSLow P EOS

! A is data, B is PTW, C is MTS, D 

is no deviatoric strength 436 – 20 kbar – Quartz – Be - LiFg

! Data shows slight release off of 

the Quartz-Be surface

• No strength calculation shows it g

barely

• Strength calculations show re-

shock instead

Macrame calculation

Quartz

t (!s)
LiF

Be

Quartz

Operated by Los Alamos National Security, LLC for NNSA LA-UR-10-00166/W-13-10-0002UUNCLASSIFIED
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Observations

432 – 77 kbar

Observations

! Model precursor too sharp

• Stress relaxation by twinning ?

! MTS giving early shock arrival and low Up

! PTW giving too shallow of a slope on the rise

• And too much corner rounding

433 – 193 kbar

And too much corner rounding

• MTS better

! Release coming in early

• Until highest P shot and PTW• Until highest P shot and PTW

! MTS has much larger reverse yielding effect

! Constitutive models could be improved

• To match, would need some combination of 

changes to initial yield and strain and rate 

hardening

• Lets examine further …

Operated by Los Alamos National Security, LLC for NNSA LA-UR-10-00166/W-13-10-0002UUNCLASSIFIED
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OutlineOutline

N tNext

! Quantify some differences

! Examine strain and strain rate regimesg

! Look at differences between MTS and PTW in appropriate regimes

Operated by Los Alamos National Security, LLC for NNSA LA-UR-10-00166/W-13-10-0002UUNCLASSIFIED
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Compare sims to data “shock speed” UCompare sims to data – “shock speed” Ub

! Use crossover point in 20 !m p !

and 5 !m meshes

• Fairly mesh independent

! Take experimental arrival time at p

same velocity

! Divide by target thickness for 

shock speedp

! This is not conventional shock 

speed

• Modified for code/data comparisonp

• Call it Ub for bulk arrival

( Difference in shock

Operated by Los Alamos National Security, LLC for NNSA LA-UR-10-00166/W-13-10-0002UUNCLASSIFIED
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( Difference in shock 

arrival times exaggerated)
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Compare “shock speed”Compare “shock speed”

! (Ub)simulation – (Ub)experiment

! Error bars from uncertainty 

in experimental impact 

times

PTW d l ll ithi! PTW model generally within 

uncertainty of expt’l data

• Trending slightly early

MTS d l i i! MTS model giving 

significantly early arrival

Operated by Los Alamos National Security, LLC for NNSA LA-UR-10-00166/W-13-10-0002UUNCLASSIFIED

Slide 25



UNCLASSIFIED

Compare particle speedCompare particle speed

! (Up)simulation – (Up)experiment

! PTW model close to 

expt’l data

• No trend

! MTS model giving 

significantly low Up

• Magnitude increases with 

increasing pressureincreasing pressure

• 3 spall shots are 2.8% low

• Sapphire shot is 4.5% low

Operated by Los Alamos National Security, LLC for NNSA LA-UR-10-00166/W-13-10-0002UUNCLASSIFIED
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Some differences not yet quantifiedSome differences not yet quantified

! Slope of shock rise

• MTS is better• MTS is better

! Corner rounding

• MTS seems better

430 – 100 kbar Be-Be

Operated by Los Alamos National Security, LLC for NNSA LA-UR-10-00166/W-13-10-0002UUNCLASSIFIED
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Look at strain/strain rate regime in BeLook at strain/strain-rate regime in Be

! Use simulations

• Since Be loading is rampy it is reasonable to numerically look at rates during• Since Be loading is rampy, it is reasonable to numerically look at rates during 

shock

! Sample multiple locations in Be target for strain and strain rate

• Equivalent (Von Mises) plastic strainEquivalent (Von Mises) plastic strain

• Rate thereof

! Look at lowest (56 kbar) and highest (193 kbar) pressure spall shots

• EOS shot has only ~ 0 5 % plastic strainEOS shot has only  0.5 % plastic strain
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Strain and strain rate 193 kbar (433)Strain and strain rate – 193 kbar (433)

! PTW
5 !m zone, PTW

! Plastic strains

• A near flyer

• B = ! point

• C = midpoint• C = midpoint

• D = " point

• E near free surface

! Strain rate plotted vs. strain 

(remove time)( )

• K near flyer

• O near free surface

! ~ 107 /sec during shock

Operated by Los Alamos National Security, LLC for NNSA LA-UR-10-00166/W-13-10-0002UUNCLASSIFIED
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Strain and strain rate 56 kbar (429)Strain and strain rate – 56 kbar (429)

! PTW
5 !m zone, PTW

! Plastic strains

• A near flyer

• B = ! point

• C = midpoint• C = midpoint

• D = " point

• E near free surface

! Strain rate plotted vs. strain 

(remove time)

• K near flyery

• O near free surface

! ~ 107 - 106 /sec during shock

106 during release

Operated by Los Alamos National Security, LLC for NNSA LA-UR-10-00166/W-13-10-0002UUNCLASSIFIED
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Constitutive models in appropriate regimesConstitutive models in appropriate regimes

! PTW and MTS

! Adiabatic starting at 

298 K

! Only plotted to 20% 

t i
s/10

6!"!

s/10
7!"!

strain

!

! PTW has more rate 

s/10
4!"!

s/10
5!"!

# $
p

"%

sensitivity for initial 

yield

! MTS shows increasing g

strain hardening at 

higher rates
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ConclusionsConclusions

! Sesame 2024 agrees quite well with this shock data at pressures below 

200 kbar

! MTS and PTW constitutive models agree with different aspects of the 

data

! Currently, PTW + 2024 gives best overall agreementCu e t y, 0 g es best o e a ag ee e t

! Better fits possible

• Can use the information to inform high-rate extrapolation without deviating from 

known material science

! Better models likely require adding physics to constitutive models

• E.g, twinning

! Incomplete

• Quantify other comparisons (e.g., loading slope)

• Understand in models why MTS is reverse yielding more

Operated by Los Alamos National Security, LLC for NNSA LA-UR-10-00166/W-13-10-0002UUNCLASSIFIED

Understand in models why MTS is reverse yielding more
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EndEnd

! Backup slides after this
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HeatingHeating 

! Shot 433

! Zones

• 10 from interface

• !, ", #,

• 10 from end• 10 from end

! MTS

! PTW

! No Strength

! Lots of plastic heating

Operated by Los Alamos National Security, LLC for NNSA LA-UR-10-00166/W-13-10-0002UUNCLASSIFIED
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Strain and strain rate 194 kbar (433)Strain and strain rate – 194 kbar (433)

! MTS
5 !m zone, MTS

! Plastic strains

• A near flyer

• B = ! point

• C = midpoint• C = midpoint

• D = " point

• E near free surface

! Strain rate plotted vs. strain 

(remove time)( )

• L near flyer

• P near free surface

! ~ 107 /sec during shock

Operated by Los Alamos National Security, LLC for NNSA LA-UR-10-00166/W-13-10-0002UUNCLASSIFIED
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Strain and strain rate 56 kbar (429)Strain and strain rate – 56 kbar (429)

! MTS
5 !m zone, MTS

! Plastic strains

• A near flyer

• B = ! point

• C = midpoint• C = midpoint

• D = " point

• E near free surface

! Strain rate plotted vs. strain 

(remove time)

• K near flyery

• O near free surface

! ~ 106 - 107 /sec during shock

105 106 during release

Operated by Los Alamos National Security, LLC for NNSA LA-UR-10-00166/W-13-10-0002UUNCLASSIFIED
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Recent developments in the 

V-T theory of liquids 
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Outline 

•! Review of V-T theory 

•! The transit contribution to liquid free energy 

•! Model for self-intermediate scattering function 
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What is V-T theory? 

•! Goal: An analytically tractable Hamiltonian formulation 

describing the motion of atoms in a liquid 
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What is V-T theory? 

•! Goal: An analytically tractable Hamiltonian formulation 

describing the motion of atoms in a liquid 

•! Postulate: Many-body potential surface is dominated by 

random valleys 
–! All have the same statistical properties as  N →∞
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What is V-T theory? 

•! Goal: An analytically tractable Hamiltonian formulation 

describing the motion of atoms in a liquid 

•! Postulate: Many-body potential surface is dominated by 

random valleys 
–! All have the same statistical properties as  

•! Strategy: Divide the problem into a dominant, simple 

piece and a smaller, complicated piece 
–! In gases, free motion + interactions 

–! In crystals, harmonic motion + anharmonicity 

–! In liquids, vibrations in one valley + transits between valleys 

N →∞
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Transit contribution to liquid 

free energy 

arXiv:0912.4285!
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Configurational entropy 

•! Previously, we’ve asserted wN random valleys 

•! This contributes excess entropy k
B
lnw per atom 

•! Set lnw = 0.8 to explain entropy of melting 
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Configurational entropy 

•! Previously, we’ve asserted wN random valleys 

•! This contributes excess entropy k
B
lnw per atom 

•! Set lnw = 0.8 to explain entropy of melting 

•! But what about this? 
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T  (K)
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•! Excess entropy due to 

this energy difference 

completely accounts 
for entropy of melting 

•! lnw must be much 

less than 0.8 
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Transit entropy data 

•! Let’s neglect lnw for the moment and model the rest 

•! Experimental data for ten liquids show this result: 

0.5 1 1.5 2 2.5
T / !

tr

0.6

0.65

0.7

0.75

0.8

S
tr
 /

 N
k

B

Na
K
Rb
Cs
Hg

Al
Ga
In
Sn
Pb

Phys Rev E 79, 051201 (2009)!

•! Note a scaling temperature that is not T
m 
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The picture 

•! What do regions between the potential valleys look like? 
–! At energies below k

B
T
m
, openings between valleys begin to 

appear 

–! At energies much higher than k
B
T
m
, surface has repulsive “pillars” 

where particles approach each other 

–! Between, ridges form between valleys which stretch up to the 

sides of the pillars 
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The picture 

•! What do regions between the potential valleys look like? 
–! At energies below k

B
T
m
, openings between valleys begin to 

appear 

–! At energies much higher than k
B
T
m
, surface has repulsive “pillars” 

where particles approach each other 

–! Between, ridges form between valleys which stretch up to the 

sides of the pillars 

•! We suggest that the first feature contributes to low-

temperature transits (up to roughly T
m
), and the middle 

one to higher-temperature transits (liquid-gas transition) 

•! Let’s model the first feature 
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The model 

•! Let the transit surfaces have an average energy !" in the 

direction of normal mode "; then the configurational 

partition function per mode is 

Qλ(T ) =
∫ ∞

−∞
exp

(
−1

2
βMω2

λq2
λ

)
dqλ +

(∫ −bλ

−cλ

+
∫ cλ

bλ

)
exp (−βελ) dqλ
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The model 

•! Let the transit surfaces have an average energy !" in the 

direction of normal mode "; then the configurational 

partition function per mode is 

•! Making various substitutions and setting !" same for all 

modes, 

Qλ(T ) =
∫ ∞

−∞
exp

(
−1

2
βMω2

λq2
λ

)
dqλ +

(∫ −bλ

−cλ

+
∫ cλ

bλ

)
exp (−βελ) dqλ

Ztr(T ) = [1 + h(T )]3N ,

h(T ) = µ
√

βε exp(−βε)
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The model 

•! To set µ and !, require entropy to have a maximum of 0.8 

k
B
/atom at T="tr: 

µ = 0.53221, ε = 1.26452 kBθtr
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The model 

•! To set µ and !, require entropy to have a maximum of 0.8 

k
B
/atom at T="tr: 

•! Now everything is a function not of #! but of T/"tr 

µ = 0.53221, ε = 1.26452 kBθtr

Ftr = −3NkBT ln [1 + h]

Utr = 3NkBT

(
βε− 1

2

)
h

1 + h

Str = 3NkB

[
ln [1 + h] +

(
βε− 1

2

)
h

1 + h

]

Ctr = 3NkB
h

1 + h

[
(βε− 1

2 )2

(1 + h)
− 1

2

]
.
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Comparison with data 
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Results and further work 

•! Data suggest that transit entropy varies as a scaled 

temperature 

•! We have a model for “low-temperature” transits with that 

property; it matches data 

•! Some questions remain: 

-! Are there wN valleys?  What’s w? 

-! Can one calculate !tr from first principles?  How? 

-! What about high-temperature transits? 
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The self-intermediate 

scattering function 

Phys Rev E 78, 041205 (2008)!
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The self-intermediate scattering function 

•! The intermediate scattering function is used to calculate 

scattering cross sections in the Born approximation 

F (q, t) =
1
N

〈
∑

K,L

e−iq·(rK(t)−rL(0))

〉

•! The self (K=L) part displays different physics from the 

distinct part and is easier to handle theoretically 

F s(q, t) =
1
N

〈
∑

K

e−iq·(rK(t)−rK(0))

〉
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The vibrational contribution 

•! We decompose atoms’ positions as 

rK(t) = RK + uK(t)
•! R

K
 has no time dependence, u

K
 

vibrates harmonically 
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The vibrational contribution 

•! We decompose atoms’ positions as 

rK(t) = RK + uK(t)
•! RK has no time dependence, uK 

vibrates harmonically 

•! Dots are MD, lines are vibrational 

calculation 

•! They agree over a wide q range to 

the same time 

•! Vibrations capture most of the 

short-time motion 0.0

0.2
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Including transits 

•! We considered a random walk model for transits 

•! The parameters are a rate ! and a step size "R 
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Including transits 

•! We considered a random walk model for transits 

•! The parameters are a rate ! and a step size "R 

•! The full expression is 
F s(q, t) = F s

vib(q, t)D(q, t)

D(q, t) =

{
1 for t ≤ τc

e−γ(q)(t−τc) for t ≥ τc

γ(q) = ν

[
1− sin qδR

qδR

]
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Including transits 

•! We considered a random walk model for transits 

•! The parameters are a rate ! and a step size "R 

•! The full expression is 
F s(q, t) = F s

vib(q, t)D(q, t)

D(q, t) =

{
1 for t ≤ τc

e−γ(q)(t−τc) for t ≥ τc

γ(q) = ν

[
1− sin qδR

qδR

]

•! This model has the correct free (         ) and 

hydrodynamic (           ) limits 

q → 0
q →∞
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Comparison with MD 

•! At various q, the model compares well with MD 
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Results and further work 

•! Fs(q,t) is the self part of a correlation function that 

describes scattering 

•! Its vibrational approximation describes early-time 

behavior very well 

•! Adding random walk model for transits covers behavior at 

all times and limits in q 

•! Some questions remain: 

-! How does one calculate the parameters from first principles? 

-! Can transit random walk model be connected to transit treatment 

of free energy? 

-! What about the distinct part? 
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Phase Field Modeling of Coring in Pu alloys 

James Belak, Milo Dorr, Jean-luc Fattebert, Michael Wickett,  

and Patrice Turchi 

JOWOG 32MAT Conference, January 25-29, 2010 

Livermore, CA, USA 

“Nothing can be learned as to the physical world save by observation and 

experiment, or by mathematical deductions from data so obtained.” - P.G. Tait 

"Art (simulation) is the lie that helps us see the truth.”  - Picasso 

This  work  was  performed under  the  auspices  of  the  U.S.  Department  of  Energy  by  Lawrence  Livermore 
National Laboratory under Contract DE-AC52-07NA27344.. 
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Outline: Phase-field modeling 

!! The Problem 

!! Phase-field modeling 

•! What is it? Crystallography! 

•! Input: Alloy Phase Diagram and Species Mobility 

•! Examples: Coarsening, Coring in PuGa alloys, 

Bubbles 

!! Conclusion 
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The lower diffusivity in the FCC phase results in an 

inhomogeneous alloy distribution (Coring) 

Ref: J. Mitchell, F. Gibbs, T. Zocco, and R. Pereyra, “Modeling of Structural and Compositional Homogenization 
of Plutonium-1 Weight Percent Gallium Alloys,” Metall. Mater. Trans. A, 2001, vol. 32A, pp. 649-59. 
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Explicitly model the details of the 
solidification process 

•! Extend highly successful molecular 
dynamics (MD) results to longer 
times and larger lengths 

•! Determine structure and stability of 
metals under dynamic loading 
conditions 

•! Identify relevant time scales (from 
ps to µs) for solidification  

•! Locate non-equilibrium phase 
boundaries  

•! Describe rate and path dependence 
of approach to final structure 

!!Corroborate details with experiments where possible!

!!Condense results into phenomenological models which can be 
incorporated into hydrocodes"

Pressure driven solidification of metals 

Isotherm 

Isobar 

Isentrope 

Pressure 
T
e
m

p
e
ra

tu
re
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Molecular Dynamics (MD) are now large enough to model the 

initiation of realistic microstructure 

Simulations suggest novel in situ x-ray scattering 
experiments using emerging sources such as LCLS!

Streitz et al. Phys. Rev. Lett. 2006!
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100!s µm!100!s nm!

MD will not get us to the hydrodynamic time of interest 

Late Time:  

Log-Normal 

Distribution!

Grain Size 

#
 G

r
a
in

s
 

Nucleation: 

Poisson 

Distribution 

intermediate time"

•" unknown kinetics"
•" unknown microstructure"

•" unknown material behavior!

MD Simulation! Recovery 
Experiment"

Phase-field modeling (PFM) will propagate MD nucleation 
results onto hydrodynamic length- and time-scales!
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Propagate the phase order parameter using the molecular dynamics 

New Multi-scale Paradigm: Phase Field Model and MD 
simulations that overlap in time and space!

100 nm!

A
to

m
s
!

P
h

a
s
e
!

time!

Coarse 
Graining 
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What is Phase Field modeling? - PFM 

•! Each color represents a 

different value of the 

phase field     (solid 

orientation)!

•! Free energy describes 

how colors interact and 

evolve!

•! Accuracy depends on 

fidelity of physics in the 

equations!

Evolution Equations!

Thermodynamic representation of 
phase (or “color”) everywhere!



9 

Lawrence Livermore National Laboratory 

UNCLASSIFIED 

UNCLASSIFIED LLNL-PRES-425756 

What is Phase Field modeling? Basic Equations 

Solid! Liquid!

Order Parameter!

Kinetic Equation with Thermal Noise!

Total Free Energy of multi-phase material!

Phase Field modeling is time-dependent Ginzburg-Landau theory!

Local Free Energy Density!
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Quaternions are used extensively to represent rotations, e.g. in 

computer graphics (games) 

Complex numbers have the form, a + ib, and 
multiplying by     produces rotation by an 
angle ! in the complex plane!

!"

Quaternions have the form, a + ib +jc +kd, 
where i2=j2=k2=ijk=-1. A rotation about the unit 
vector    by an angle ! can be computed using 

the unit quaternion:!

We assign to each atom a quaternion that best 
represents the local value of the Q6 order parameter 
with the smallest rotation from a reference unit cell.!

The associated quaternion enables quick calculation of the 
rotation between two misoriented grains (c.f. Reed et.al Acta 
Cryst. (2004) A60, 263-277)!

D. Richards!
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What does a crystallographic-aware phase-field model of 

polycrystal solidification look like? 

Pusztai et al., have proposed a 3D quaternion-based phase-field model !
•! Represents crystal orientation with quaternion order parameter"
•! Quaternions are widely used to analyze crystallography of polycrystal interfaces"

•! Quaternion algebra is fast, efficient, avoids singularities, …"

Where qi is the quaternion order parameter, Mq is the associated mobility and ! is the fluctuation in q."

Free 

Energy!

Evolution!

Refs: T. Pusztai, G. Bortel, and L. Granasy, “Phase field theory of polycrystalline solidification in three dimensions,” 
Europhys. Lett, 71 (2005) 131-137; R. Kobayoshi and J.A Warren, “Modeling the formation and dynamics of polycrystals 

in 3D,” Physica A 356 (2005) 127-132.!

We have implemented the Pusztai model in our 3D AMR code !
•! Enhance energy functional to represent energetics of grain boundaries"
•! Crystal symmetry aware quaternion mathematics"

•! Extend energy functional to include elasticity and alloy concentration"
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Model Problem: Single Spherical Grain (2D with scalar order-

parameter) 

We obtain strong 

scalability to thousands of 

processors by leveraging 

LLNL’s investment in 

parallel computing (e.g. 

SAMRAI) 
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Representation of MD Data onto the AMR Grid Hierarchy - 2D 

example 

M. Wickett!
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Growth of large 
grains 

Blue: MD 
nucleation 

Red: Phase-field 
evolution 

MD nucleated microstructure onto the micro-second hydro time-scale 

with the crystallographic quaternion model 

While significant grain coarsening has occurred on the 

microsecond scale, the microstructure is far from log-normal 

Phase Order Parameter! Quaternion Order Parameter!
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At the meso-scale each phase is spatially resolved and diffusion is 

solved through the evolving multi-phase microstructure 

!! Need to know: 

•! Validated representation of alloy phase diagram 

and thermodynamic driving forces 

•! Validated multi-species concentration-dependent 

mobilities in each phase (diffusivities) – both 

ambient and irradiation enhanced 

•! Validated representation of internal boundary 
mobility – both inter-phase and inter-grain 

•! Validated representation of phase nucleation – the 

phase-field uses this as input 

•! Effects of microstructure (grain boundaries, 

dislocations, pores, cracks, …) in species 

migration 



16 

Lawrence Livermore National Laboratory 

UNCLASSIFIED 

UNCLASSIFIED LLNL-PRES-425756 

Gibbs Energy for Unary Phases 

Gibbs Energy for Multi-component Phases  

Gibbs Energy of a Line Compound 

CALPHAD is a Phenomenological Approach to Thermodynamics characterized 

by Models, Gibbs Energy Functions, and the concept of Lattice Stability 

Ref. P. E. A. Turchi, L. Kaufman, S. Zhou, and Z.-K. Liu, 
“Thermodynamics and Kinetics of Transformations in Pu-

based Alloys,” J. Alloys and Comp, 444-445 (2007) 28-35. 
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t=0.01 sec! t=6.95 sec! t=37.9 sec!

CALPHAD Alloy Phase Diagram!

Coring in PuGa alloys 

We have implemented the concentration model of 
Kim et al. (1999) in our quaternion PFM code and 
validated our code with the published simulations on 

Pu-Ga of Hu et al. (2007).!
•! Non-equilibrium phase fraction growth!
•! Explicit grain orientation prevents coalescence!
•! Late time Ostwald ripening!

6
.4

 m
ic

ro
n

s
!
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Coring in Alloys (e.g., bcc ! fcc) 

Thermodynamic driving force & Diffusion (here Dbcc>>Dfcc) 
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Bubbles - Equations 

Recently, Shenyang Hu (PNNL, JNM 

2009) proposed the phase-field model for 

bubble formation 



20 

Lawrence Livermore National Laboratory 

UNCLASSIFIED 

UNCLASSIFIED LLNL-PRES-425756 

D_v = 0.021 nm**2/ps, Millet, IJMR, 2009 

BFV = 6.4 x 10**-11 m**3 / m**2, 

Svindclerman, JMS, 2006 
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Redistribution of the vacancies to the GBs, 

parameters from Millet’s MD study of hi T Mo 

PFM 

MD 

1 2 

3 4 
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Conclusions: 

Phase-field modeling 

offers the prospect to 

understand 

microstructure 

development  following 

phase-transformation 

in the presence of 

diffusing alloy and 

other species. 
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Thank you for your attention!!
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Shock Loading Experiments

! Time resolved

! Measurement of shock profiles (stress, velocity etc)

! Observation of waves via high-speed photography, flash x-ray,

proton radiography etc

! Time integrated

! Post-mortem analysis of shocked samples

! Microstructure, chemistry, mechanical properties

! Loading + Pulse Duration + Release

! Major assumption

! Sample is semi-infinite
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Introduction

Unit Dislocation,
b1=1/2a[101]

Partial Dislocation
b3=1/6a[211]

Stacking Fault
Ribbon
d

d=
µa2

24!"

µ – Shear Modulus
! – Stacking Fault Energy
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Post Shock Properties

0

100

200

300

400

500

600

0 0.05 0.1 0.15 0.2 0.25

T
ru
e
S
tr
e
ss
(M
P
a
)

True Strain

Nickel

Copper

Annealed

10 GPa Shock

Annealed

10 GPa Shock

4/3 ln(v/v
0
)
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hardening behind shock front.
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Variations Within FCC Lattice

Unit Dislocation,
b1=1/2a[101]

Partial Dislocation

b2=1/6a[112]

Partial Dislocation

b3=1/6a[211]

Stacking Fault

Ribbon

Extended dislocation on (111) plane

d

d=
µa2

24!"

µ – Shear Modulus

! – Stacking Fault Energy
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Age Hardening

Al 10

Weight % Copper
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!

Al + !
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Solid Solution
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CuAl2 (!) forms –
Visible via optical microscope

Cu remains in solution –
supersaturation

Sub microscopic ! forms

Liquid
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Materials

! Al-6061
! Solution treated 550˚C 3 hours, water quench (T0)

– Stored at -18°C to prevent RT aging
! Solution treated-Aged 180˚C 8 hours, air cool (T6)

! Al 5083-H32
! 20% Cold Work

! Al 6082-T6 As-Received off the Shelf

bal0.10.20.250.6-1.20.4-1.00.10.50.7-1.3

6082

6061

bal0.150.250.05-0.254.0-4.90.4-1.00.10.40.4

5083

Si Fe Cu Mn Mg Cr Zn Ti Al

0.4 - 0.8 0.7 0.15 - 0.4 0.15 0.8 - 1.2 0.04 - 0.35 0.25 0.15 bal

Chemical composition (wt%)



9

Unclassified

Unclassified

As-Received Al-6061 Microstructure

6061 T0 6061 T6

500nm

500nm

5083-H32
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As-Received Properties

0.342.703.156.326082-T6

0.342.673.116.325083-H32

0.342.703.156.326061

!"0 (g cc
-1)cS (mm µs-1)cL (mm µs-1)
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Measurement of Shear Strength

! Shear stress indication of a

materials ballistic performance.

! Traditionally measured as offset of

Hugoniot from hydrostat -

theoretically derived.

BUT

! 2!="x-"y
! Can be deduced by directly

measuring orthogonal components

of stress

s
tr
e
s
s

particle velocity or strain

shock Hugoniot

elastic limit

Hydrostat

4/3 !
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Specimens and Gauges

Coverplate

Impact

Position

Gauges

Specimen

Backing

Plate

x

y

z

!x!y

Lateral

Stress Gauge

(2 mm from impact)

Impact Position

Longitudinal

Stress Gauge6.0 mm

Active Width = 240 µm

15 mm
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Recovery Fixture

! Input shock needs to see

monolithic specimen

! Releases need to see interfaces

to be trapped

! Machining tolerances ± 2 µm

! Each specimen takes 2 weeks

to make

Bourne and Gray Proc. R. Soc. A 461 3297 (2005)
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Aluminium Alloys EoS
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Lateral Stress Histories in 6061

! T0 traces higher amplitude than T6

! To be expected as T6 is stronger

! T0 reach steady stress level faster

than T6

! Single phase material –

dislocations move and interact

faster without interference from

intermetallic particles

! T0 has faster rise times than T6

! Less interference from

intermetallics

! 5083 lower strength than 6061

! Hardening behind shock front lower at

higher stresses

! Higher initial dislocation density
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Agreement with Other Techniques ?

J. Appl. Phys. 86 (1999) 6702

!!!!x
!!!!y

Inclined Impact (Pressure Shear)

Zhou and Clifton

s
tr
e
s
s

particle velocity or strain

shock Hugoniot

•elastic limit

•Hydrostat

4/3 """"

Offset of Hugoniot from Hydrostat

Dandekar and Weisgerber
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Shear strengths in aluminium alloys
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Cross Comparison

Inclined Impact
Yadav et al.

Acta Mat. Met. 43 4453 (1995)

Load Unload – Load Reload
Huang and Asay

J. Appl. Phys. 98 033524 (2005)
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Cross Comparison (6061-T6)

! Different techniques give

different shear strengths

! Lateral gauges and load-

unload load-reload
nominally same material

! Yadav et al. very large
Mg2Si size – Overaged?

! 2 µm

! High particle spacing –

reduced strength

L

b!µ
" =

µ - Shear Modulus

b – Burger’s vector

L – particle spacing

! - constant
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Post Shock Response: T0
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Post Shock Response: T6
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Post Shock 5083-H32
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Conclusions

! Lateral stress traces show differences in amplitude and shape

according to heat treatment and composition

! Small strength increase from T0 to T6

! T0 shows faster rise and equilibration behind shock

! Flatter in 5083-H32

! Recovered microstructures vary according to heat treatment

! T0 – dislocation cells; T6 – mixture of random dislocations and planar

arrays; 5083-H32 – dislocation cells

! Recovered mechanical response varies according to heat treatment

! T0 – enhanced hardening; T6 no enhanced hardening; 5083-H32 –

enhanced hardening

! Work hardening in shocked T0 and 5083-H32 may be evidence of post

shock dislocation recovery



Laser-induced ramp 
compression of tantalum and 
iron to over 300 Gpa: EOS and 

x-ray diffraction 
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January 26, 2009 
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Steps 
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Laser 

Ramp  

Pressure 

Apply this drive to Tantalum 
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Errors in Lagrangian 

sound speed, CL,i 

arise from 

uncertianities in UFS, 

t, and d: 

Dominant uncertainties are not independent as 

a function of UFS (e.g. thickness, streak camera 

warping, visar laser speckle).  Thus the errors 

propagate linearly to strain and stress: 
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Uncertainties continue to 

grow at high pressure. 
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8 Shots on the Omega Laser in 2009 

100% Data Return 
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Ramp Compression Tantalum Equation of State 

•!Stress-density on 8 shots to over 300 GPa. 

•!Very consistent with previous Z shots. 

Next Year:  NIF experiments to 500 GPa and more . . .  

Tantalum Tantalum 
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We equate the deviatoric stress with 

the strength,  

Y =
3

4
! "( ) # P "( )$% &'

For simplicity, we will compare our 

with CALE Form 4, EOS 77, and 
with two sets of DAC isothermal 

EOS measurements:  
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Data falls within theoretical bounds on strength.  (Moriarty, 1998) 
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Assuming Dulong-Petite limit for specific heat.  Iterative 

approach used to correct strength for thermal pressure. 
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•!Diffraction above the shock melting pressure? 
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Back Plate 

Kapton Shields 

Image Plates 

Fe backlighter 

6.69 keV 
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As long as the sample is hydrodynamically 

thin, P and u at the LiF or Diamond interface 
is the same as in sample 

If we know the EOS of LiF or Diamond we can 

find the Pressure in the sample using the 
VISAR diagnostic 

Proof of principle already demonstrated for 

XRD and XAFS on iron  
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Using this target design, we believe we can 

ramp compress samples to ~30 Mbar, Hold the 
state for several ns, Determine the pressure, 

and Make a measurement. 

XRD, XAFS, XANES, Reflectivity, . . ..  

Temperature remains the most important 

parameter that we do not know how to 

measure. 
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Strain rate is very high, ~108 s-1. 

Looks like temperature is low. 

What does diffraction look like? 
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We will assume a structure and fit. 
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d Spacing (Å) 

Triplet, peak positions fit well for this shot, but significant basal 
texture required to get agreement with doublet structure observed. 
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Diffraction on solid Fe to 472 GPa 

•! Highest pressure X-ray diffraction ever. 
•! Far above Hugoniot melt (~250 GPa). 

•! Structure appears to be HCP with c/a~1.61.  
•! More analyses / experiments still needed. 



!"#$%&#%'()#*+#!"##,%-)#

Hugoniot Melt
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Our data is in good agreement with previous static data:  

c/a = 1.61 (Ma, et al. 2004). 
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The last 20 years have seen fantastic advances in DAC techniques, 

measurements, and diagnostics. 

Our biggest challenge is to make similar progress in the next 20 
years on laser-compression experiments. 

The most important experimental advance will be the ability to 
produce a uniform sample state and perform in-situ measurments. 

Unfortunately, transparent windows are needed (although LiF is 

transparent to at least 900 GPa under ramp compression). 

Temperature diagnostics are critically needed (EXAFS?). 
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We Have a Concept for  

Xray Diffraction on the NIF 
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We have a design for an 8Mbar drive for 

tantalum on NIF using less than 200 kJ 
of power.  We will use this design this 

spring. 





We believe that we can achieve better than 6% 

uncertainty in a single NIF shot to 800 GPa.  
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Diffraction on solid Fe to 470 GPa 

•! Highest pressure X-ray diffraction ever. 
•! Far above Hugoniot melt (~250 GPa). 

•! Structure appears to be HCP.  

•! More analyses / experiments still needed. 

No obvious limit on pressure 

Ramp Compression Tantalum Equation of State 

•!Stress-density on 8 shots to over 300 GPa. 
•!Very consistent with previous Z shots. 

Next Year:  NIF experiments to 500 GPa and more . . .  
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EOS, CL(UFS) 
Reverse propagate UFS,j(t) !

to find drive pressure, Pj(t),!

for all steps, j 

Forward propagate Pj(t),!
with no interface to  

the step thickness dj  

for all steps, j 

Update CL(UFS) !

by linearly fitting  

dj vs. tFS,j     

Iterate to  
convergence 
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Current method requires both reverse and forward propagation steps. 

Shocks are created by phase transitions. 

Phase transtions and EP transitions both require time-dependent 

analysis. 

We need to develop a forward only analysis method 
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Repeat for all velocities, UFS,i!

EOS, CL(UFS,i) 

Drive, P(ti)  

Run hydrocode 

up to UFS,i 
for all steps, j 

Compare to experiment 

!i

2
= t j UFS ,i

exp( ) " t j "UFS ,i

sim( )#$ %&
2

j

'
Determine 

CL(UFS,i) and P(ti) !

by minimizing  .     !
i

2

•!This method still requires a model for time-dependent phase transitions. 

•!Exact methods being developed by Evan Reed and by Bryan Reed potentially 
offer a very attractive alternative. 
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Absolute Stress-Density Measurement 

EOS, CL(UFS) 
Reverse propagate UFS,j(t) !

to find drive pressure, Pj(t),!

for all steps, j 

Forward propagate Pj(t),!

with no interface to  

the step thickness dj  

for all steps, j 

Update CL(UFS) !

by linearly fitting  

dj vs. tFS,j     

Iterate to  

convergence 
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Rothman, et al. J. Phys. D (2005) 
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• Hugoniot and release isentrope data to be 

supplied for Ta-2.5%W

• Data supplied to assist validation of hydrocode 

models

• Experimental geometry chosen to provide 

additional information on spall parameters

Introduction
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Material

• Unalloyed Ta displays high strain rate and 

temperature dependence, features seen in other 

bcc metals

• Sensitive to impurities (embrittlement) and 

alloying

• Commercial use in defence-related applications 

due to material response at high strain rates

• W alloying leads to increased yield strength and 

flow stress
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• Het V diagnostics used to study velocity-time profile

• Quartz windows affixed to rear surface of Ta-2.5%W 
to allow partial release of shocked target

• Piezo pins provide time-of-arrival and shock transit 
time

Diagnostics

3 mm 6 mm 65 mm
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Setup

• He driven, single stage

• 150-800 ms-1 velocity range

• Recently introduced class IV laser capability
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• Two channels of HetV 

provide data from the 

free surface and 

target-window 

interface

• Each shot provides 

three points on the 

release isentrope

• Seven shots fired in 

total, six provided 

good data

EoS
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EoS

•Us-Up Comparison

Us = 3.41 + 1.20Up

Us = 3.32 + 0.98Up
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EoS
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•High degree of shot to shot reproducibility

•Features visible on shock rise and release portion of 

trace which are common to all shots
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EoS

• Calculations run with 

unalloyed Ta for 

comparison with Het V 

traces

• Accurately reproduces 

plastic rise and plateau, 

some ramping on elastic 

shock

• Suggests W alloying has a 

negligible effect on EoS.
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EoS

•P-Up Release Isentropes
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Spall

• Evidence of spall in free 

surface Het V traces

• Recovered targets also 

exhibited clear spall 

separation

• Comparison with pure Ta 

should help to quantify the 

effect of W alloying
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Spall

•Recovered Targets

197 ms-1 249 ms-1 276 ms-1

339 ms-1 391 ms-1 501 ms-1 615 ms-1
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Spall
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Spall

•Calculating Spall Strength
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Spall

Spall Strength Variation
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Conclusions

• Seven gas gun shots performed to provide 
material properties information for Ta-2.5%W

• Us-Up data produced on D16 gas gun shows little 
variation from unalloyed Ta Hugoniot

• Release isentropes generated to provide an 
additional comparison for hydrocodes

• Spall strength calculated over a range of 
velocities, indicating a decrease in spall strength 
with increasing impact stress

• Comparison with pure Ta indicates spall strength 
decreases with W alloying
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Future Work

• Further experiments planned to study spall in 

more detail

• Impact stresses chosen to induce incipient spall in TaW

• Post-shock sectioning and imaging of targets to provide 

information on spall plane formation

• Varying impactor thickness to look at the effect of 

altering pulse width

• Side-by-side comparison of Ta and TaW also 

being considered
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Summary of results 

!! The shock state of Al does not lie on the yield surface and 

becomes nearly hydrostatic for shocks exceeding ~ 40 GPa 

!! There are transitions in Al strength at ~ 40 GPa and at the 

onset of melting (~120 GPa) 

!! There is a strong alloy dependence of Al strength above     

~ 40 GPa 

Impact: Existing strength models for Al under predict 

the strength by nearly a factor of two. 
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Elastic-plastic theory assumes shock 
states lie on the upper yield surface 

•!According to elastic-plastic 

theory for uniaxial strain: 

–! On shock loading, the material 
first loads elastically to the HEL 

–! Shock states lie on a yield 
surface !=+!c 

–! On release, the material 
unloads elastically to a yield 
surface !=-!c 

–! Elastic portion of the release 
gives "!u=2!c=Y 

–! Key assumption is that the 
shock state lies on the upper 
yield surface 

–! "!r=0 on reload  

»! inconsistent with experimental 
data showing quasi-elastic 
compression on reloading 
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Measured strength can be off by up to a 
factor of two if E-P assumption is invalid 

•! If the shock state is NOT on the 

upper yield surface: 

–! Evidence suggests that the 
shock states lie at !=+!H (! !c) 

–! On release, the material 
unloads elastically to a yield 
surface !=-!c 

–! Elastic portion of the release 
gives "!u=!c+!H!Y 

–! In order to determine Y must 
measure both !c and !H 

–! Requires both reload and 
release data:  Y=2!c="!u+"!r 

–! Measuring release only can 
lead to errors up to a factor of 2 
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Experimental techniques used for unloading 
and reloading experiments to 160 GPa 

•!Symmetric impact conditions 

–! 3-10 km/s impact velocity 

–! Low impedance backing 
material or free surface 
generate release 

–! High impedance backing 
generates reload 

•!VISAR diagnostics 

–! High sensitivity (0.047 – 1.79 
km/s/fr) used to resolve QE 
recompression 

–! Particle velocity uncertainty of 
0.1 – 1.0% 

•!Previous difficulties 

–! Separation of impactor and 
backing material compromises 
reloading data 

2-stage configuration 

3-stage configuration 
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Explosively bonded (EB) impactors 
improve performance over epoxy bonds 

•!EB Cu backed Al used as 

impactors in the reload 

configuration 

•!No evidence of bond separation 

as observed previously with 

epoxy bonding 

•!Material supplied to SNL by         

B. Jensen (LANL) 

•!Material fabricated by High 

Energy Metals, Inc. (Sequim, WA) Ti - bad glue bond 

Cu - EB 

Ti- good glue bond 
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Shock loaded aluminum has a mixed 
phase region between 120-160 GPa 

•!Material strength in shock 

induced solid-liquid 

coexistence regions has 

not been studied 

•!Solid-liquid coexistence is 

expected to influence 

strength 

•!Phase boundaries have 

some uncertainty (~5 GPa) 

depending on theoretical 

approach used 
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QE response observed in both unloading 
and reloading data 

•!Two-stage shots 

–! Unload/reload pairs performed 
at nearly identical shock 
conditions 

–! QE release (reload) portion of 
profile provides !"u (!"r) 

•!Three-stage shots 

–! Reload has not yet been 
performed in the three-stage 
configuration 

–! However, release only at high 
pressures (115 – 161 GPa) 
provides a good estimate of 
strength as will be shown 

solid 

phase 

mixed 

phase 
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!" is determined for unloading (reloading) 
from the QE portion of each wave profile  

•!Wave speed is calculated 

from the recorded VISAR 

profiles 

•!The resolved shear stress 

is given by 

•! Integrating with respect to 

u gives: 

 unload: 

 reload: 
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Measured !" shows a complex 
response above 40 GPa 

•!Data is plotted with previous 

lower stress data 

–! Data agree in overlap region 
(<40 GPa) 

–! Essentially constant values 
seen between 40 GPa and onset 
of melt (~120 GPa) 

–! Steady decline of !"u in the 
mixed phase region 

•!Reloading data is not 

consistent with EP response 

•!Taking sum and difference 

gives "c and "h 

unloading 

reloading 

EP response 

("h = "c) 

mixed phase 

region 

Hou , et al. 
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!h !!c indicates failure of EP assumption 

•!Clearly the shock state is not on 

the upper yield surface (!h =!c) 

•!Strength (Y=2!c) shows plateau 

above 40 GPa 

•!Corresponds to a collapse in !h 

toward the hydrostat 

–! Note that while ~75% reduced 
from the peak value, !h > 0 

–! !h is expected to decay to zero in 
mixed phase region 

»! Small error in approximating "!u = 
!c+!h " !c 

»! Allows release data to 
approximate strength in the 
mixed phase region 

»! Different than EP assumption 
where "!u = 2!c 
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By measuring both !c and !h strength is 
determined without the EP assumption 

•!When reloading data are 

considered, !c and !h are 

determined 

•!Strength, Y = 2(!c) ! (!c+!h)  

•!Resulting strength data 

are not well fit by the 

reported Steinberg model 

•!A modified model reported 

by Huang and Asay is a 

good fit to 40 GPa 

•!No strength models 

predict plateau 
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Discrepancies in the data have serious 
implications to existing strength models 

•!Steinberg model (and others) 

often based on unloading wave 

profile data  Y=(!c+!h) 

•!Results presented here show 

that the EP assumptions are 

invalid in Al (for " > 40 GPa) 

–! Reloading data must be 
considered  Y=2(!c) 

•!Existing strength models may 

be off by as much as a factor of 

two 

•!New experimental data are 

required to correct or verify 

existing models 

unloading 

data only 

unloading 

and 

reloading 

data 
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Strength of aluminum was measured using both 
reloading and release experiments 

•!Utilizing reloading and release data, the 

shear components !c and !h were 

measured 

•!EP assumption that the shock state lies 

on the upper yield surface shown to be 

false for aluminum 

•!Measured strength is almost two times 

larger than estimates using release 

data only 

•!Existing strength models based on 

release data alone need to be revisited 

•! Initial properties of aluminum appear to 

influence high pressure response 

•! Accounting for Yo insufficient to explain 
high pressure variation  

2024 

6061 

pure 


